Heat shock proteins (Hsps) exist essentially in all organisms. Reflecting their important and general roles as molecular chaperones, their amino acid sequences are highly conserved in every Hsp family even among eukaryotic and prokaryotic organisms. Among the 3 major Hsps in the high-molecular-weight class, i.e., 60-kDa, 70-kDa and 90-kDa heat shock proteins (Hsp60/GroEL, Hsp70 and Hsp90, respectively), the architecture of Hsp60/GroEL oligomers complexed with Hsp10/GroES has been extensively investigated (1) . Hsp90 forms a dimer mediated through its C-terminal region (2) (3) . Based on the results of X-ray crystallographic studies (4-7), Prodromou et al. (4, 5) and Meyer et al. (7) proposed the molecular clamp model, in which a dimer of Hsp90 traps client proteins between the N-terminal domains or middle domains. On the other hand, Hsp70 predominantly exists as a monomer (8) . Nevertheless, it has also been reported that Hsp70 and DnaK, a bacterial ortholog of Hsp70, are dimerized and further oligomerized in a concentration dependent manner (9) . Moreover, ATP induces the dissociation of dimers and oligomers of Hsp70 (9) (10) (11) (12) .
Therefore, it has been suggested that the monomer-dimer conversion is closely related to the chaperone function of Hsp70.
Hsp70 is composed of at least 2 structural domains (13) . The 44-kDa N-terminal domain of bovine brain Hsp70 contains a nucleotide-binding site and possesses a weak ATP-hydrolytic activity (13) .
The 30-kDa C-terminal domain of DnaK has the capacity to bind unfolded polypeptides (14, 15) .
Although the 3-dimensional structure of the full-length forms of Hsp70 remains unknown, it is obvious that the activities of these domains are co-operative, because the client-binding activity of Hsp70 is relatively high in the ADP-bound state, but is reduced in the ATP-binding state (9, 16) and the binding of client peptides leads to the stimulation of ATP hydrolysis by Hsp70 (17, 18) .
There is some evidence that the 30-kDa C-terminal client-binding domain is responsible for the dimerization of 70-kDa heat shock cognate protein Hsc70 (19, 20) . It has been reported that the 30-kDa C-terminal domain can be divided into N-terminal 18-kDa and C-terminal 10-kDa sub-domains. The N-terminal sub-domain (designated as the client-binding sub-domain) contains the binding site for client peptides (21) , and the C-terminal sub-domain (designated as the lid sub-domain) appears to function as a lid that stabilizes the client peptide bound to the client-binding sub-domain.
Fouchaq et al. (20) reported that the 17-kDa client-binding sub-domain of Hsc70 could be oligomerized.
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In contrast, Chou et al. (22) proposed that the 10-kDa lid sub-domain of Hsc70 is responsible for the dimerization and oligomerization. Therefore, it remains unknown as to whether the client-binding sub-domain or the lid sub-domain is critical for the dimerization.
In the present study, we expressed the full-length form of human Hsp70 (hHsp70), the C-terminal client-binding domain and their truncated forms to examine the region responsible for the dimerization and oligomerization of Hsp70. We found that several forms of the truncated C-terminal domain acquired a dimerization potential that was much higher than that of the client-binding domain itself or the full-length form. Unexpectedly, some of the dimeric complexes possessed disulfide bridge(s) connecting Cys574 of each molecule. Construction of bacterial expression plasmids -All recombinant proteins used in this study were encoded by pTrcHis TOPO vector (Invitrogen), and therefore, possessed a 35-amino acid tag carrying a histidine-hexamer at the N-terminus. cDNA encoding the full-length form of hHsp70 was obtained by RT-PCR from HeLa cell mRNA with the aid of its cDNA sequence (23, 24) . For construction of the plasmids carrying the full-length form of hHsp70, the ATP-binding domain (amino acids 1-381), the client-binding domain (amino acids 382-641) and truncated forms of the client-binding domain (Fig. 1) , DNA fragments encoding the corresponding regions were amplified by PCR, and then directly inserted into the pTrcHis TOPO expression vector in frame according to the manufacturer's recommendation. TOP10 cells were transformed with the plasmids and selected on Luria-Bertani medium-agar plates containing 50 mg/ml of ampicillin. The insertion and orientation of the DNA fragments were confirmed by conducting Hot Star PCR (Qiagen Inc., Chatsworth, CA, USA). Polyacrylamide gel electrophoresis under nondenaturing conditions -In order to estimate molecular configurations, samples were subjected to PAGE under nondenaturing conditions (27) . Unless otherwise stated, a 7.5 %(w/v) polyacrylamide concentration was used. Electrophoresis was performed at low voltage (50V) at room temperature to avoid elevation of the gel temperature.
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EXPERIMEMTAL PROCEDURES
Materials
Separated proteins were stained with Coomassie brilliant blue. Ovalbumin (45 kDa), bovine serum albumin (66 kDa as monomer and 132 kDa as dimer) and catalase (240 kDa) were used as molecular references.
Two-dimensional PAGE -Purified proteins were separated by 2-dimensional PAGE. A 7.5 %(w/v) polyacrylamide concentration was used at the first dimension PAGE under non-denaturing conditions and an 11 %(w/v) concentration was used at the second dimension SDS-PAGE under reducing or non-reducing conditions.
Immunoblotting analysis -Recombinant proteins in the bacterial lysates separated by PAGE under non-denaturing conditions were subjected to the immunoblotting analysis as described previously (28) .
An anti-histidine tag mAb (Qiagen) was used as the first antibody at 1 mg/ml, and the second antibody was used at a 1/3000 dilution. Blotted proteins were finally visualized by incubation with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium (Nakarai, Kyoto, Japan) at room temperature for 10-20 min.
Size-exclusion gel chromatography -Size-exclusion gel chromatography was performed on a Sephacryl S100HR (Amersham Biosciences, 1.8 x 36 cm) or Sephacryl S300 (Amersham Biosciences, Protein concentration -Protein concentrations were determined by the bicinchoninic acid method using bovine serum albumin as a standard (Pierce, Rockford, IL, USA).
RESULTS
Dimerization of the full-length form of hHsp70 -Initially we expressed the full-length form of hHsp70 in a bacterial expression system. Upon SDS-PAGE under reducing conditions (Fig. 1a, right, lanes 1-4), the purified protein migrated as a single band at the position of 75 kDa, which was slightly larger than the value of endogenous hHsp70 (calculated molecular mass of 70,053; ref 23) due to the 35-amino acid tag at the N-terminus.
Even if large amounts of the purified sample were loaded onto an SDS-PAGE gel, no additional band appeared under reducing conditions ( (11, 12) in mind, the 3 bands may correspond to the monomer, dimer and trimer.
We noticed that, the bands presumably corresponding to the monomer, dimer and trimer of hHsp70 migrated slower than expected, when compared with the molecular mass references (bovine serum albumin, ovalbumin and catalase) used in this study. This discrepancy seemed to be due to the molecular size references used for PAGE under non-denaturing conditions, because the isoelectric point (pI) of Hsp70 (pI=5. (Fig. 2a) . Upon SDS-PAGE (Fig. 2b, left) , they migrated as a single band with an exception that the lid sub-domain (hHsp70 520-641), which contained a 22-kDa species as a minor constituent (lane 5). The migration of hHsp70 1-381 was much slower than that of hHsp70 382-641 (Fig. 2b, right, compare lanes 2 and 3) . This retardation of hHsp70 should reflect either the dimerization or the charge property. To discriminate these 2 possibilities, hHsp70 1-381 was separated by size exclusion gel chromatography on a Sephacryl S100HR column. As a result, hHsp70 1-381 eluted as a single peak with a molecular size smaller that 45-kDa ovalbumin (Fig. 2c) . Therefore, we concluded that hHsp70 was monomeric, but migrated slowly on PAGE under non-denaturing conditions because of its less acidic charge property. To the contrary, the main band of hHsp70 382-641 migrated fast on PAGE under non-denaturing conditions, reflecting its acidic property (Fig. 2b, right, lane 3) .
Dimerization of the C-terminal client-binding domain -Polyacrylamide gel electrophoresis
under non-denaturing conditions revealed the presence of slow-migrating species in the preparations of hHsp70 382-641 and 520-641 in addition to respective fast-migrating major ones (Fig. 2b, right, arrowheads) . We suspected that the fast-and slow-migrating species corresponded to the monomer and dimer, respectively. In fact, 2-dimensional PAGE of hHsp70 382-641 confirmed the existence of monomeric, dimeric, trimeric and presumably oligomeric species (Fig. 2d) . In contrast, a slow-migrating species of hHsp70 520-641 was not a dimer, but corresponded to the 22-kDa band, which was co-purified with the major 24-kDa band (Fig. 2e,   asterisks) . The 22-kDa species seemed to be a degraded product of the 24-kDa hHsp70 520-641. These findings confirmed the results of the previous study (19) demonstrating that the dimerization as well as the oligomerization of Hsp70 was mediated through the C-terminal client-binding domain. Moreover, the results in Fig. 2 show that the 2 sub-domains of the client-binding domain no more dimerized.
We here produced a series of N-and C-terminally truncated forms of the C-terminal client-binding domain (Fig. 3a) . They were purified to near homogeneity as shown by SDS-PAGE under reducing conditions (Fig. 3b, left) . However, upon SDS-PAGE under non-reducing conditions, large-molecular-weight bands (63 or 58 kDa) appeared for hHsp70 382-601 (Fig. 3b, right, lane 3) and hHsp70 382-581 (lane 4). Accompanied by these changes, the 33-and 30-kDa species were decreased in amount. Hence, the high-molecular-mass bands appeared to be dimeric forms mediated through a disulfide bond(s).
We also examined the electrophoretic motility of truncated forms of the client-binding domain on PAGE under non-denaturing conditions ( In order to further characterize the molecular configurations, we subjected hHsp70 382-601 to the size-exclusion gel chromatography on Sephacryl S100HR. hHsp70 382-601 was split into 2 peaks (Fig. 4a, top) . Polyacrylamide gel electrophoresis under non-denaturing conditions revealed that the dimer and monomer were eluted at the first and second peaks, respectively (Fig.   4a, middle) . A trimer was also recognized at fractions 24 and 25 (Fig. 4a, middle) . Upon SDS-PAGE under non-reducing conditions, the first peak contained the 63-kDa covalently-associated dimeric species (Fig. 4a, low) . Interestingly, the 33-kDa species was also distributed to the first peak, which indicated that this species existed as a dimer, although it did not possess a disulfide bridge. hHsp70 381-601 was also subjected to 2-dimensional PAGE with the first dimension PAGE under non-denaturing conditions and second dimension SDS-PAGE under non-reducing conditions (Fig. 4b) . As a result, 5 major species were recognized: a monomer with the molecular mass of 33 kDa; 2 dimers with the molecular mass of 33 or 63 kDa; and 2 trimers with 33-or 63-kDa molecular mass. These results demonstrated that the disulfide bridge was not a prerequisite for the dimerization. Noticeably, the dimer connected by the disulfide bridge migrated slightly faster than that without the bridge on PAGE under non-denaturing conditions, indicating the difference in their configurations (Fig. 4b) .
One might criticize that these dimers and trimers were artificially formed through nonspecific interactions of the recombinant proteins. In fact, an X-ray crystallographic study on the C-terminal 10-kDa lid sub-domain of rat Hsc70 revealed a packaging of 48 molecules in a unit cell. To address this issue, we performed a mixing experiment of the lysates containing hHsp70 382-581 and 382-601. If the dimeric interaction was randomly formed between any free sulfhydryl groups, a heterodimer of the 2 proteins should be formed twice as much as each homo-dimer. As a result, the hetero-dimer was scarcely formed (Fig. 5, an arrow) , indicating its specific interactions.
We also performed immunoblotting analyses of truncated forms of hHsp70 in the bacterial lysates. As a result, small populations of hHsp70 382-641, 382-621, 382-601 and 382-581 possessed a disulfide bridge(s) in the lysates (Fig. 6a, right arrowheads) . However, the immunoblotting profile on PAGE under non-denaturing conditions (Fig. 6b) was indistinguishable from that of Coomassie-stained purified proteins (Fig. 3c) , which clearly demonstrated that the dimers of hHsp70 were already formed in the lysates even without a disulfide bridge.
Taken together with the results obtained in above studies, we concluded that (i) the dimer-forming activity of hHsp70 resided in the C-terminal domain, (ii) the activity was significantly enhanced by deletion of either N-terminal or C-terminal amino acids (>=38-40 residues) of the domain, (iii) neither the client-binding sub-domain (amino acids 382-520) nor the lid sub-domain (amino acids 521-641) was sufficient for dimer formation, (iv) the dimer of the C-terminally truncated forms (hHsp70 382-581 and 382-601) formed disulfide bond(s), and (v) the disulfide bridge was not a prerequisite for the dimerization.. We suspected that free sulfhydryl groups of cysteines were located close to each other in the dimeric configuration. 440-641) were highly susceptible to trypsin and their profiles were considerably altered from the hHsp70 382-641 profile (Fig. 7a) . This finding was ascertained by the results for the concentration-dependent proteolytic profiles of 3 recombinant proteins: The proteolytic profile of hHsp70 382-641 was similar to that of hHsp70 382-601 and the profile of hHsp70 420-641 was obviously altered from that of hHsp70 382-641 or hHsp70 382-601 ( Fig. 7b and c) .
Characterization of the dimeric complex formed by the N-and C-terminal truncations -
The results of the limited proteolysis and subsequent N-terminal amino acid sequencing of tryptic fragments (Table 1) were schematically summarized in Fig. 7c . Noticeably, hHsp70 382-641 as well as hHsp70 382-601 was preferentially attacked at the sites in the C-terminal lid sub-domain, but hHsp70 420-641 was preferentially attacked at the sites in the N-terminal client-binding sub-domain (Table 1 and Fig. 7c) . Importantly, the alteration of the proteolytic profiles from hHsp70 382-621 to hHsp70 382-601 and that from hHsp70 400-641 to hHsp70 420-641 (Fig. 7) were accompanied by the acquisition of potent dimer-forming activity (Fig. 3) . Accordingly, we tentatively classified the truncated proteins into 3 types: (i) hHsp70 382-641, 382-621 and 400-641, which were predominantly monomeric; (ii) hHsp70 382-581 and 382-601, which were predominantly dimeric, and had a configuration similar to that of the first type; and (iii) hHsp70 420-641 and 440-641, which were predominantly dimeric, and had a structure that was considerably altered from those of other types.
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A disulfide bridge(s) of the full-length form of hHsp70 -
The C-terminal truncation of the client-binding domain induced efficient conversion from a monomer to a dimer, and the resulting dimer possessed a disulfide bridge(s). The disulfide bridge(s) appeared to be also present in the full-length form of hHsp70 (Fig. 1) . For the full-length form, although the population of the species that possessed the disulfide bond appeared to be limited, the ratio in the dimer should be relatively high if the small population of the dimeric species is considered (Fig. 1b) . However, there were additional high molecular-mass bands, the subunit composition of which could not be readily estimated. Hence, we performed a truncation experiment on the full-length form similar to that performed on the client-binding domain. We expressed a series of C-terminal truncation forms of hHsp70 (Fig. 8a) . Sodium dodecylsulfate-PAGE under non-reducing conditions revealed the existence of a high molecular species (Fig. 8b, left, lanes 1-3) . Moreover, in consistent to the result on the client-binding domain (Fig. 3b) , C-terminal truncation of 40 or 60 amino acids caused the dimer formation more efficiently (Fig. 8b, left, lanes 2 and 3) . Noticeably, the higher molecular species of respective proteins migrated slowest in the full-length form (lane We subjected recombinant proteins to size exclusion chromatography on Sephacryl S300 (Fig.   8c ). Under the conditions employed, monomeric species were eluted at fractions 46-48. A gradual retardation in migration from fraction 46 for hHsp70 1-641 and hHsp70 1-581 to fraction 48 for hHsp70 1-561 and hHsp70 1-541 should reflect successive C-terminal truncations. The full length form was mainly eluted as a monomer; and a small population around fraction 40, the position of the dimer (Fig. 8c) . In contrast, hHsp70 1-581 and hHsp70 1-561 were split into 2 peaks, i.e., dimer (fractions 40-42) and monomer (fractions 46-48). The first peak of hHsp70 1-581 migrated to the 140-kDa position on the SDS-PAGE gel under non-reducing conditions, but that of hHsp70 1-561 did so to the 60-kDa position, indicating that the hHsp70 1-561 dimer did not possess a disulfide bridge. hHsp70 1-541 (Fig. 8c ) and hHsp70 1-520 (data not shown) were eluted as a monomer.
Taken together, these findings indicate that efficient formation of an hHsp70 dimer and disulfide bond(s) induced by C-terminal truncation was not specific to the client-binding domain, but also occurred in the case of the full-length form. Importantly, hHsp70 1-561 formed a dimer, although it did not contain a disulfide bond. This finding confirmed that the disulfide bridge is not a prerequisite for the dimer formation.
DISCUSSION
In the present study, we investigated the dimeric structure of hHsp70. Although a small population of hHsp70 is present as a dimer, the dimer was more efficiently formed when the C-terminal amino acids (40-80 residues) were deleted from the client-binding domain as well as the full-length form. Similarly, Ohno et al. (29) reported that mouse Hsp70 1-615, from which the C-terminal 26 residues had been deleted tended to form dimer and oligomers more efficiently than did the full-length form. There are only 2 cysteine residues, i.e., Cys574 and Cys603, in the client-binding domain of hHsp70. Because hHsp70 382-581 as well as hHsp70 382-601, in which Cys603 was lost, formed a disulfide bridge, it is reasonable to conclude that Cys574 of a molecule was associated with Cys574 of another molecule in a dimer. In fact, hHsp70 1-561, of which a half population still formed a dimer, did not form a disulfide bridge (Fig. 8c) .
Although the N-terminal deletion of the client-binding domain also induced the dimer formation, the configuration of the resulting dimer was considerably distinct from that of the dimer of the client-binding domain, because the client-binding domain with a truncated N-terminus was highly susceptible to proteolysis. The N-terminal sequencing analysis of the proteolytic fragments confirmed this notion, because peptide bonds (Arg469-Gly470 and Arg517-Met518) located within the client-binding sub-domain became susceptible to trypsin by N-terminal truncation of the domain (Table 1 ). In contrast, the dimer formed by the truncation from the C-terminus showed proteolytic profiles similar to the profile of the client-binding domain, indicating their structural integrity. Moreover, we found the presence of a trimer of hHsp70 (Fig. 1) . A trimer was also recognized on hHsp70 382-641, 382-601 and 382-581, but not on hHsp70 420-641 and 440-641 (Figs. 3 and 4) , which further suggested the similarity of the dimeric structure of the full-length form to those of hHsp70 382-641 and its C-terminally-truncated molecules.
Previous studies consistently showed that the C-terminal client-binding domain is responsible for the dimer/oligomer formation of Hsc70 (19) . However, there was an apparent discrepancy as to the role of sub-domains, whether the client-binding sub-domain or the lid sub-domain is critical for this role. The 10-kDa C-terminal lid sub-domain (amino acids 542-646) of rat Hsc70, which forms an elongated bundle-like structure, dictates the self-association (22) . In contrast, Fouchaq et al. (20) reported that the 17-kDa peptide-binding sub-domain (amino acids 385-540 of Hsc70) was involved in the oligomerization process. The results obtained in the present study do not accord with either of these reports. Figure 3 showed that either one of the sub-domains, i.e., the client-binding sub-domain or the lid sub-domain, did not form a dimer but that the client-binding domain partially truncated from either the N-or C-terminus could form dimers. We also demonstrated that substantial changes in the configuration if the N-terminal segment of the client-binding sub-domain was lost, strongly suggesting that the client-binding sub-domain is essential for dimer formation. Hence, we propose that the client-binding sub-domain (amino acids 382-519) is a prerequisite but that an adjacent region (amino acids 520-561 of the lid sub-domain) is indispensable for the dimerization.
Chou et al. (22) reported the crystal structure of the C-terminal 10-kDa lid sub-domain of rat Hsc70. The lid sub-domain formed a package of 48 molecules in a unit cell. In the structure, the association was mediated by the coiled coil-like dimers in an anti-parallel manner, and then the dimers formed a cruciform tetrameric structure in an asymmetric manner. However, the lid sub-domain could not form a dimer under our conditions, and the deletion of more than 38 amino acid residues from the N-terminus of the client-binding domain (residues 382-641) produced a dimer with the conformation that was distinct from that of the client-binding domain. These findings strongly suggest that the oligomeric configuration formed by the lid sub-domain is distinct from that of the native dimer. According to the structure proposed by Chou et al. (22) , the lid sub-domain of one molecule associates with that of another molecule in an anti-parallel manner, in which 2 cysteines are separated from each other, and therefore, do not seem to form a disulfide bridge. Thus, we insist that the dimeric structure proposed by Chou et al. (22) should be carefully re-investigated.
At last, we propose the mechanism on the dimerization and the formation of the disulfide bridge mediated through Cys574 as follows: Hsp70 could form a dimer through the C-terminal client-binding domain. In a dimeric structure, Cys574 of an Hsp70 molecule is located close to Cyts574 of another molecule in a dimer, but the distance is not close enough for the efficient formation of the disulfide bridge. When the C-terminal 40-60 amino acids are deleted, the two cysteine residues could access to each other presumably because of the destabilization of the C-terminal domain. This is likely to be the case, because the formation of the bridge resulted in a conversion of an hHsp70 dimer into a different configuration as shown in Fig. 4b : The dimer of hHsp70 382-601 that possessed the disulfide bridge had a configuration migrating faster on PAGE under non-denaturing conditions than that without the bridge did (Fig. 4b) . This finding strongly suggests that the dimer with the disulfide bridge has a more compact configuration that that without the bridge. A further study on the dimeric structure of hHsp70 is under going in our laboratory.
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